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Abstract. A (updated) summary of the Photon-Photon and Electron-Photon physics session is
presented.
INTRODUCTION
The energetic, highly polarized photons can be produced at a high rate in the Compton
process as a result of the backscattering of bright laser-photons on high-energy electrons.
This is a basic concept of the Photon Collider (Compton Collider) - called also a Photon
Linear Collider (PLC) [1, 2]. Such collider is considered as an option to be realized in
the g g and eg modes at all discussed future e+e− Liner Colliders (LC): TESLA, NLC,
JLC and CLIC [3].
The potential of Photon Collider is very rich, in some cases even spectacular [1, 2,
4, 5, 6, 8, 9, 10, 11]. First of all, PLC seems to be the most suitable place to observe a
scalar (Higgs) sector. Especially useful should be a g g mode, where the C=+ resonances,
like Higgs boson(s), can be produced, and determination of their basic properties can
be performed with a high accuracy. Such a mode allows for a precision measurement
of the fundamental effective (loop-) coupling g g h, which involves contributions from
all fundamental, massive charged particles, with masses originating from the Higgs
mechanism. In general, such contributions do not decouple and therefore this effective
coupling is sensitive to heavy particles, even if their masses are in a range well beyond
a reach of the existing and even the next generation experiments. PLC with highly
polarized photon-beams offers excellent opportunity for testing of new interactions,
including CP-violating one, in the scalar sector. It should discover heavy spin-zero
particles, e.g. Higgs bosons from extended models, supersymmetric particles, etc..., in
the mass range not accessible at other experiments. This is due to the fact that at PLC
such particles can be produced singly, in contrast to a e+e− LC, where they are produced
in pairs or with other heavy particles. The eg mode allows to measure another effective
(loop-) coupling, namely Z g h. This mode is of particular importance for studies of the
anomalous W - interactions in a process eg → n W , and for an investigation of the slepton
sector. The PLC, both in the g g and eg modes, is a perfect place to study QCD, in
particular t-quark interaction and a hadronic “structure” of the real photon.
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The realistic simulations of the basic processes for various designs of the Photon
Collider are being performed currently, allowing for a reliable comparison with similar
simulations done for the main e+e− option and for the hadron colliders.
There are specific aspects of the g g and eg colliders, absent at e+e− colliders, which
arise mainly from the facts that the photon-beams have a wide spread of energy and
a varying with energy degree of polarization. Also, a large hadronic background is
expected at a Photon Collider, as photon may (with a probability a ) behave like a hadron
(vector meson dominance idea). To deal with all these issues the dedicated “tools” are
needed.
The photon-photon and photon-electron physics working group has a mission to
investigate a physics potential of a Photon Collider. There is a large activity in this
working group - more than 15 talks were presented during this workshop, most of them
in the joint sessions with other working groups like Higgs, SUSY, EW and QCD. A
special panel discussion was organized to discuss a need of a Photon Collider.
PHOTON COLLIDER
The maximum energy of the back-scattered photons produced in the Compton scattering,
to be used as a beam for PLC, is equal to Emax
g
= x
x+1E0, where x =
4E0 w laser
m2e
. This energy
may reach up to 80 % of the energy of the initial electrons E0 (for E0 = 250 GeV and
laser energy w laser = 1.17 eV (l = 1.06 m m) and x =4.5 [1, 2]). For larger x, the energy
spectrum for the photon-beam is more monochromatic, being peaked at a high energy.
However, if x becomes too large (in the above example larger than 4.8) then the e+e−
pairs can be created in the collision of the back-scattered photons with the laser photons.
This process leads to decrease of the luminosity of the Photon Collider. For x = 4.8
the maximum CMS energy of the g g collision is equal to 80 % of the energy for the
e+e− collision and it reaches 90 % for the eg case. If lower energy of Photon Collider
is needed, one can use the same laser and decrease electron energy keeping all beam
parameters as for higher energy (a bypass solution), then the luminosity for g g collider
is proportional to E0 [2, 7]. One considers also a technique with a tripled laser frequency
(NLC/JLC) [7, 12]. This way even at smaller electron beam-energy E0 x remains large
and a resulting energy spectrum for the back-scattered photons is peaked [7, 12].
The Photon Collider can be realized using only e− beams. A dedicated interaction
point, with a finite crossing angle to avoid background from the disrupted beams, is
foreseen at all LC colliders. If electron bunches are tilted with respect to the direction of
the beam motion (“crab”-crossing scheme), the luminosity is the same as for the head-on
collisions. Luminosities of the g g and eg colliders are of the order of 10 % of the e−e−
geometric luminosity, which can be larger than the corresponding luminosity for a e+e−
collider [7, 2].
The shape (monochromaticity) of the energy-spectrum and the degree of polariza-
tion of the back-scattered photons depend crucially on the (product of) polarization of
the initial electrons and laser photons. The 80 % polarization for the parent electrons
(i.e. twice the electron helicity <2 l e> equal to ±0.8) is feasible at LC while a circular
polarization of the laser photons, Pc, can be close to ±1. When 2 l ePc = −0.8 one ob-
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tains a highly monochromatic and highly polarized photon-beam. It has a characteristic
high-energy peak in the energy spectrum for E
g
larger than 0.8 Emax
g
, and its circular
polarization reaches up to 100 % for the photon energy close to Emax
g
(the average po-
larization is equal to 90-95 % for a high-energy part). Also, a linear polarization of the
photon-beams can be obtained by using a linearly polarised laser-light. The maximum
degree of a linear polarization of the back-scattered photon, <l>, is obtained at its max-
imum energy, unfortunately this maximum degree is higher for a lower x (up to 63.3 %
for x =1.8 and only 33.4 % at x =4.8 [2, 7].).
If both photon-beams are obtained from parent particles with 2 l ePc =−0.8, then the
luminosity spectra for the g g collision has a high-energy peak (for z = W
g g
/2E0 larger
that 0.8 zmax), with a width at half maximum of about 15 % and the integrated luminosity
about 1/3 of the luminosity for e+e− collider [2, 4], e.g. for TESLA 84 f b−1/yr. In
the considered case both photon-beams have a high degree of circular polarization,
<l >,<l ′> ≈ −Pc, with Pc = 1, hence <l l ′> is close to 1. This means a domination
of a state with a projection of the total angular momentum on the z-axis, Jz = l − l ′,
equal to 0.
By flipping the helicities and polarization of the parent electrons and laser photons for
one or both photon-beams, one can easily optimize the Photon Collider to work either as
a factory or a discovery machine. In particular, to produce in a g g mode a particle with a
definite mass m, one rather chooses a factory design, i.e. with the monochromatic spectra
( 2 l ePc =−0.8, possibly large x), to tune a maximum of Wg g to the mass m (however first
an energy of the ee collision has to be adjusted: √see ≈ m/0.8). A high rate for the spin-
zero state is an extra benefit of this option. On other hand, a maximum degree of linear
polarization of the photon-beam, transferred from a linearly polarised laser-photons, is
high enough to select in an effective way states with a definite CP-quantum number,
i.e. CP-even or CP-odd states, depending whether the polarization-vectors of colliding
photons are parallel or perpendicular. To discover new particles, a discovery design of
PLC with the broad energy spectra of photon-beams (e.g. with 2 l ePc = +0.8) will be
more useful.
TOOLS
The realistic spectra for the photon-beam, which include the higher order QED pro-
cesses, differ significantly from an ideal (the lowest-order) Compton form. The pro-
grammes generating the realistic luminosity spectra for the g g and eg colliders exist for
all machines (CAIN and PHOCOL with CIRCE and an analytic CompAZ parametriza-
tion [13]). The luminosity spectra for the TESLA (both an ideal Compton and a realistic
(Telnov) spectrum) and for NLC, are presented in Fig. 1(Left) and Fig. 1(Midle). They
correspond to the product of helicities of the initial particles for each photon-beam equal
to 2 l ePc = −0.8. The energy of e−e− is tunned to give a high-energy peak for the in-
variant mass W
g g
equal to 120 GeV (equal to e.g. a Higgs boson mass). The individual
contributions, for Jz equal to 0 and ±2, are shown. Also the average product of helici-
ties of the back-scattered photons <l l ′> for a NLC g g collider is shown in the Fig. 1
(Right).
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FIGURE 1. The peaked spectra considered for a production of a Higgs boson with mass 120 GeV
for 2 l ePc = −0.8. Left: The realistic (√see = 210 GeV, x = 1.89) and ideal Compton (√see = 152 GeV,
x = 4.8) luminosity spectrum for TESLA, for Jz =0,±2 [22]; Midle: The luminosity spectra for NLC
(√see =150 GeV, x = 4.1) for Jz =0,±2; Right: The avarage polarization < l l ′> for NLC, parameters as
in (Midle), from [11].
Existing generators like PYTHIA, and GRACE, PANDORA, CompHep [14] are be-
ing used by various groups to simulate events in the g g and eg collisions; proper match-
ing of the matrix elements for basic hard processes and fragmentation/hadronization
processes, as planned e.g. in the program APACIC++[15], is needed.
For a realistic simulation of the photon-initiated processes at PLC, we need to model
properly the hadronic interaction of photons. Recently, a new parton parametrization
for the real photon was constructed [16]. It uses a full set of available data for F g2 and is
based on ACOT
c
scheme. Such scheme, implemented for a first time for a photon, offers
an improved treatment of the heavy-quark contributions. A proper description of heavy-
quark production in a resolved-photon processes at PLC is nessesary to make a reliable
estimation of the signal and background in a Higgs-boson search. Of a great importance
is also a detailed study of the total cross-section for g g → hadrons, presented during this
workshop [17].
GOLDEN PROCESSES
There are significant differences between the basic processes which may appear in
e+e− and in g g collisions [8, 9]. At a fixed energy of the corresponding collision, the
production rates for a particular state with pair of scalars, fermions or vector particles
are larger for the g g than the e+e− case. In the g g collision a resonant production of the
JPC = 0++,0−+,2++, ... states may occur [19], in contrast to the e+e− case, with the
s-channel resonances JPC = 1−+, .... With a opportunity to produce a zero-spin C = +
resonance, a Photon Collider can be treated as a Higgs factory. In this case, a Higgs
boson should be found at other collider, and knowing its mass one can adjust the energy
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of the collider using monochromatic spectra, as shown in Figs. 1. It is fortunate, that at
the same time, the Jz = 0 state can be produced at a high rate. This enhances a signal
while suppresses some of important background processes, e.g. g g → b¯b [9, 21]. Higgs
factory gives an opportunity for the precision measurements of the mass, spin, parity, and
the CP-nature of the Higgs boson from SM and beyond [4, 9, 10]. A Photon Collider
can serve also as a discovery machine for heavier Higgs bosons or other new particles
- a broad energy spectrum is preferred then [2, 8, 9, 12]. The advantage of a Photon
Collider is that here one can search for a Higgs boson, and study its properties, up to a
higher mass than at the e+e− collider, since it can be produced singly at PLC in contrast
to main discovery channels at e+e− colliders. In addition, a Photon Collider offers an
opportunity to search for a medium mass Higgs boson, with small or zero coupling to
ZZ or WW (as H and A in a decoupling scenario of MSSM), which are not accessible at
the e+e− LC option, see discussion below.
The fundamental quantity to measure at Photon Collider is the Higgs decay-width
Γ
g g
, and also ΓZ g , which is sensitive to all fundamental, massive charged particles
of the underlying theory with masses from the Higgs mechanism [18]. Both decay
widths can be measured with a high precision, especially the two-photon width, what
allows to distinguish various extensions of the SM, even in their decoupling limits or
SM-like scenarios, what we discuss below. If the measurements of these decay widths
are combined with results of measurements of the corresponding branching ratios at
the e+e− LC, the total decay width for Higgs particle can be derived with accuracy
dominated by the expected error of Br(h → g g ), of the order of 10 % [20, 21, 22, 23].
The W-boson production in the g g and eg options of a Photon Collider is sensitive to
the anomalous gauge couplings [9, 8, 24]. Photon Collider also allows to perform the
dedicated QCD studies, among them on top-quark physics and on the “structure” of a
real-photon [25]. Also, a search for new particles, e.g. SUSY particles, are considered
as an unique opportunity of the Photon Collider. New interactions, among other the NC
QED, models with higher dimensions, and a Higgs-radion mixing (Randall-Sundrum
model), etc. can be tested at PLC with a high precision [4, 26, 11].
SM and SM-like Higgs boson
In light of LEP data a light Higgs (with mass above 115 and below 200 GeV) is
expected in the Standard Model. The SM-like scenarios in which one light scalar exists
with the basic (tree-level) couplings as predicted in SM, and all other Higgs particles
with masses larger than ∼ 800 GeV, may be realized in many models with an extended
Higgs sector. In particular, in 2HDM or MSSM one can consider a limit of a very large
MA or MH+ . Yet some deviations, i.e. non-decoupling effects, may appear in the 2HDM,
see e.g. [27, 28, 29, 30, 33]. This can show up in the loop-couplings, such as g g h or Z g h,
due to the additional contributions of the charged Higgs boson, and/or other charged
particles from the extended models.
A light SM (or SM-like) Higgs boson with mass below∼ 140 GeV decays dominantly
to the b¯b. With a proper b-tagging and after correcting for the escaping neutrinos, one
can achieve precision of a measurement of the Γ
g g
·Br(H → b¯b) at TESLA at the level 1.6
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FIGURE 2. The SM Higgs resonance at PLC for a peaked spectra (with 2 l ePc = −0.8); Left: for
TESLA, with NLO background estimation, b-tagging, and corrections for escaping neutrino (√see = 210
GeV, x = 1.8), from [22]; Right: for NLC, with LO background (√see = 160 GeV, x=4.334) [12].
% (Fig.2 (Left)) [22]. For higher Higgs masses the precision for of such measurement
worsens, it goes up to 7 % for mass equal to 160 GeV, see Fig.3 (Left) [23].
For heavier Higgs bosons the WW and ZZ (also W∗ and Z∗) decays channels become
important in the SM and SM-like scenarios. The interference between the signal and
the (SM-) background, which is very large for the WW channel, has to be taken into
account [31, 32]. The Fig. 3 (Left) shows a comparison of the accuracy of measuring
of Γ
g g
for the b¯b and WW plus ZZ final-states. The yellow line corresponds to the
deviation from the SM prediction due to the contribution of a charged Higgs boson H+,
with mass 800 MeV, expected in the SM-like limit of the 2HDM II [28]. As it shown in
Fig. 3 (Right), the measurements of the partial width and of the phase of the amplitude
give complementary information and provide a tool with a strong discriminating power
between SM and various SM-like scenarios. In the figure the results for the SM-like
models with one extra heavy particle with mass 800 GeV (H+, quark U or D, lepton L)
are shown.
It is clear that the Photon Collider has a large potential in distinguishing the SM-
like models, what illustrates Figs.3. As we mentioned above, even in the SM-like limit
of the 2HDM II a contribution to g g h coupling due a heavy H+ leads to a substantial
deviation from the SM prediction, i.e. we observe the non-decoupling effect [28, 29,
30]. The effects arises from H+H−h vertex, described by term proportional to (1−
m
2/M2H+), where m is a (soft-breaking) mass parameter from the Higgs potential. This
non-decoupling effect is larger for small m , and disappears for m = MH+ , see results
presented for a ratio of Γ
g g
in 2HDM and SM in Fig. 4(Left). With an expected precision
of the measurement of Γ
g g
, see e.g. Fig. 3(Left), such decoupling effect can be seen, and
moreover one can try to constrain the m -parameter. The radiative corrections to the hhh
vertex in the 2HDM II, with the basic couplings to fermions and gauge bosons W/Z
as in the SM, may also lead to a non-decoupling phenomena, as discussed during this
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workshop [33]. For a Higgs-boson mass equal to 120 GeV the deviation from the SM
prediction for the hhh vertex can reach even 100 % (Fig. 4(Right)). Note, that in MSSM
there is no such effect (decoupling).
The precise measurement of the decay width Γ
g g
can reveal heavy charged particle
circulating in the loop, e.g. supersymmetric particle. There is for example a sensitivity
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g g → g g process with a Higgs resonance at mass equal to 120 GeV [37].
to a the heavier stop t˜2 contribution, as discussed in [34]. Assuming that the lighter stop
t˜1 and the mixing angle cos q t˜ are already known, the accuracy of the mass determination
is estimated to be 10-20 GeV (for 500 GeV LC collider and mass of Higgs boson above
110 GeV). Some of results are presented in Fig. 5 (Left). There are other possible contri-
butions to the g g h loop coupling, for example the (CP-violating) chargino contribution,
see e.g. [35]. The dedicated analysis of such contribution in the decoupling regime of
MSSM was performed in [36], and we discuss it below.
The production of the SM Higgs-boson with mass equal to 120 GeV in a process
g g → g g being “doubly sensitive to Γ
g g
” was analysed in [37]. This analyses leads to
an impressive result presented in Fig.5 (Right). The real issue here is a background, as
discussed during the workshop.
MSSM Higgs particles: A and H
The MSSM Higgs-bosons A and H, in the mass range above 200 GeV and with tan b
between 6 and 15, would escape discovery at the LHC (a “LHC wedge”). On the other
hand they maybe too heavy to be produced at the first stage of e+e− LC. In this scenario
only a light h is expected to be observed at future colliders with couplings to fermions
and W/Z gauge-bosons as in the SM. At the same time heavy Higgs bosons, A and
H, will decay predominately into b¯b final state, and could be discovered at the Photon
Collider, as discussed in [38], and [12, 11] (Fig. 6 (Left)). A new simulation for TESLA
collider performed in [23] confirms these results, see Fig.6 (Right).
A separating of these two heavy Higgs bosons, A and H, which in the considered
scenario are nearly degenerate in mass, maybe be very difficult. According to [38] this
can be done by scanning over an energy threshold. Other methods of separation, in which
Photon-Photon and Electron-Photon Physics or Physics at Photon Collider November 3, 2018 8
025
50
75
100
125
150
175
200
225
260 270 280 290 300 310 320 330 340
e
−
e
−
 beams with √see =419 GeV
NZK
.
Wcorr (GeV)
N
um
be
r 
of
 e
ve
nt
s /
 3
G
eV H0 signal
A0 signal
MA0=300 GeV
 tgβ=7
 M2=µ=200 GeV
NLO Background:
bb
−(g)
cc
−(g)
∆σ/σ = 6.8 %
Lγγ = 808 fb
-1/yr
FIGURE 6. Production of A and H, with parameters corresponding to the LHC wedge, at the g g collider.
Left: Exclusion and discovery limits obtained for NLC collider for
√
ee = 630 GeV, after 3 or 4 years of
operation (using the broad and peaked spectra) [11]; Right: Simulation of the H and A signals for TESLA
collider with energy
√
ee = 419 GeV (peaked spectrum) for MA = 300 GeV, tan b = 7 [23].
one uses information on the CP-properties of H and A, are proposed for the heavier
Higgs particles decaying into t ¯t, and we discuss them below.
Charged Higgs boson
The process g g → H+H−, within 2HDM II, for the NLC version of the Photon
Collider with √see = 500 GeV and the product of helicity for electron and laser photon
equal to 2 l ePc =±0.8 (the broad (I) and peaked (II) luminosity spectra) were analysed
in [39] using the t + n
t
t
−
¯
n
t
final state. The background due to g g →W+W− was taken
into account, with conclusion that a clean, large signal is obtained up to MH+ ∼ 195
GeV (Fig. 7). This leads to 3-5 % uncertainty in determining of the product of the cross
section for g g → H+H− and [Br(H+ → t + n
t
)]2.
CP properties of Higgs bosons
The g g colliders with the tunable energy and polarization (circular or linear) of the
photon-beams can be especially useful for study of the CP properties of the Higgs sector
[40, 10], both to establish the CP quantum-numbers of the neutral Higgs bosons in the
case of a CP-conservation, and also to find possible effects due to a CP-violation. Note,
that the CP-violating mixing between Higgs particles and a simple overlap in mass for
heavy neutral Higgs bosons in a CP-conserving case may lead to similar effects [41].
In testing CP-properties of Higgs particle(s) one can take advantage of polarization
asymmetries for a signal [40], use the interference between the amplitude for production
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of Higgs (signal) and of background, and get additional informations from the detailed
study of the final-state particles.
If CP is a good symmetry and Higgs bosons have a definite CP-parity, a high degree of
a linear polarization of photon beams may be very useful in distinguishing a relatively
light CP-even from CP-odd Higgs boson (e.g. H and A in MSSM). This is especially
important if such Higgs particles are degenerated in masses, as it happends in the
MSSM in the scenario with a light SM-like h mentioned above, see e.g. Fig. 6(Right).
Also, if there are CP-violation effects leading to a mixing between Higgs bosons, linear
polarization of the photon beams looks as an ideal tool. Still a circular polarization can
be more useful in searching and studying very massive Higgs boson, as a transfer of a
linear polarization from a laser-photon to a photon-beam is not efficient for large x, i.e.
for √s
g g
larger than half of √see.
To test the CP-property of a Higgs boson one can always use the polarization asym-
metries [40]. For heavier masses, one uses additional information from the final-state
fermions. For example, identifying Higgs spin and parity in decays to ZZ [42] can be
done using the angular distributions of the fermions from the Z-boson decay, which en-
code the helicities of Z’s. Detailed study was performed for above and below ZZ thresh-
old. A realistic simulation based on this analysis, using both the WW and ZZ final-states,
was made recently for the TESLA collider in [43].
For heavier Higgs bosons the decay into a t ¯t final-state can be explored. The analysis
[44] relies on interference between heavy H and A, with a small mass gap, and between
the Higgs resonances and background for a fixed helicities of the decaying t and ¯t,
and it uses a circular polarization of the photon beams. This method of distinguishing
Higgs bosons and establishing their CP-properties was found to be efficient for a small
tan b ∼ 3, see Fig. 8 (Left). A new analysis [45] is based on interference effects, decay
angular distribution of t ¯t and in addition on a phase of the g g f coupling. (The importance
of measurement of the phase of g g h was pointed out in [32] for WW/ZZ channel, see
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Fig. 3(Right)). This technique allows to test the CP-properties of heavy Higgs bosons,
what was shown in [45] for a particular case of the CP-conserving MSSM.
The CP-violating effects in g g → f → t ¯t, both in the g g f and t ¯t f vertices, were
studied in [46]. Model-independent analysis of the effects due to Higgs bosons without
definite CP-parity was performed using the interference among Higgs particles, as well
with a background, for fixed top-quark helicities. Photon beams are assumed to be
polarized (both circular and linear polarization is needed) and t and ¯t helicities are fixed
and equal. The extension of a new analysis reported in [45] to the CP-violating case is
in under way.
Also in [47] a model-independent analyses was done for the same channel. It was
observed that the angular distribution of the decay lepton from t/¯t is independent of
any CP violation in the tbW vertex and hence directly related to a CP mixing in the
Higgs sector. In the analysis the combined asymmetries in the initial state (parent)
electron (hence also photon-beam) polarization and the final-state lepton-charge have
been applied. If CP-violation is observed, then all the asymmetries, both for circular and
linear polarizations, should be used to determine the form factors describing the g g f and
t ¯t f vertices. This method allows to discriminate models, e.g. SM and MSSM, see Fig.
8(Right), where in a plane of the CP-even and CP-odd observables (x3 and y3) the blind
regions for the SM and the MSSM are shown.
In the CP-violating SUSY, the spin-zero top squarks contribute only to the CP-even
part of the h g g coupling, while charginos can contribute to the CP-odd as well as the
CP-even parts [35], leading to a CP-violation. It was demonstrated in [36], that the
measurement of the lightest Higgs boson, produced in the collision of the linearly-
polarized photon-beams, allows to confirm the existence of the CP-violating chargino
contributions to the g g h coupling even in the decoupling regime of MSSM. Results were
obtained in a specific CP-violating scenario, in agreement with existing constraints. The
obtained predictions depend strongly on the CP-violating phase Φ
m
both for a ratio of
cross section to the SM presented in Figs. 9(Left), and for the polarization asymmetry
A2, see Figs. 9(Right).
SUMMARY
The Photon Collider, both in the g g and eg modes can provide valuable informations,
some of them not accessible at the e+e− colliders, nor at Tevatron or LHC. In light of
realistic simulations of various golden processes presented during this workshop and as
result of a special panel discussion on a need of a Photon Collider a “little consensus”
was reached: a Photon Collider should be planned as an option at each e+e− LC project.
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